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Introduction
Lutein (L) and its stereoisomer zeaxanthin (Z) are members 
of the xanthophylls family of carotenoids. Among food-
stuffs, dark green leafy vegetables, fruits, and egg yolks are 
rich sources of these pigments [1], and are powerful antiox-
idants that play an important role in ocular health, preven-
tion of cardiovascular disease, and certain types of cancers 
[2–4]. The chemical structure of L and its isomers are shown 
in Fig. 1. Epidemiological studies have suggested that com-
plete characterization of carotenoids and their metabolites in 
blood and tissues may help in understanding their associa-
tion with various health benefits. Several analytical methods 
are available for analysis of carotenoids by HPLC with UV–
Visible detection [5]. Further, photodiode array detection 
assisted by spectral data is the most applied analytical proce-
dure [6]. Many analytical methods were attempted to deter-
mine L and its isomers/oxidative products/fragmented ions 
in food and biological samples by HPLC, LC/MS, and NMR 
techniques [7–10]. LC–MS analysis of carotenoids was done 
either with APCI or ESI methods. These techniques may 
provide comparable sensitivity at a low picomole range and 
produce abundant molecular ions. While ESI form primar-
ily molecular ions showing poor fragmentation, in contrast 
APCI produces molecular ions and protonated molecules 
with higher linearity of detection over a range of lower 
carotenoid concentration [5]. Apart from determination of L 
Abstract In spite of lutein and its isomer zeaxanthin 
being richly available in natural sources, the role of these 
components on reduction of age-related macular degenera-
tion, cancer, and cardiovascular disorders suggested that an 
update of the analytical procedure is required to determine 
the oxidative products and to understand their nutritional 
significance. In the present study, we have standardized and 
developed an improved method to obtain characteristic ions 
of lutein, zeaxanthin, and its major oxidative products in 
vivo (rats) using LC–MS (APCI)+. In addition, lutein and 
zeaxanthin isomer were separated on  a C30 column with 
shorter run time with high resolution and calibrated on the 
basis of picomolar concentration on HPLC (DAD), with 
the lower detection limit of 0.125 for lutein and 0.128 pmol 
for zeaxanthin. Characteristic mass spectral ion for lutein 
is m/z 568.7 [M]+ and 551.5 [M + H–H2O]+ and for zeax-
anthin isomer is m/z 568.8 [M]+, 569.8 [M + H]+. Further, 
optimized conditions produced structurally characteristic 
fragmented ions under standardized MS (APCI)+ condi-
tions. Total ionic chromatogram together with fine UV–
Visible and mass spectra were used to differentiate lutein 
isomers and its oxidative products, such as 523 [M+ + H+–
3CH3], 479 [M+ + H+–6CH3], 551 [M+ + H+–H2O], 
276.43 [M+–C22H19O], di-epoxides and 3′-oxolutein. The 
APCI mass spectral characteristics of major oxidative prod-
ucts of lutein in adult rat tissues are reported here for the 
first time, to our knowledge. These findings could provide 
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level in natural and biological samples, identification of its 
oxidative products/fragmented ions at picomolar concentra-
tion is a major task in carotenoids biochemistry. Although, 
these carotenoids are accumulated in the tissues, relatively 
few studies were made on the formation of oxidative prod-
ucts/fragmented ions in eye samples of human and mice [9, 
10]. Therefore, to understand carotenoid metabolism in a 
methodical manner, an attempt was made further to study the 
L biotransformation at different tissues using rodents (rats) 
as model systems. Against this background, using a recently 
developed HPLC (DAD)–MS + standardized conditions of 
our research laboratory, we illustrate the detection of iso-
mers/oxidative products/fragmented ions of dietary L in rat 
plasma and tissues.
Materials and Methods
Chemicals
Standard L (99 %), dl-α-tocopherol, and phosphatidylcho-
line (99 %), were purchased from Sigma-Aldrich (St Louis, 
MO, USA). Z (99 %) was a kind gift from Dr. V. Baskaran 
(CFTRI, Mysore, India). HPLC grade acetonitrile, hexane, 
methanol, dichloromethane, and ammonium acetate were 
purchased from Sisco Research Laboratories (Mumbai, 
India). Other chemicals and solvents of analytical grade 
were purchased from E-Merck Co, Ltd. (Mumbai, India). 
Animal feed (Amrut feeds, Sangli, India), Casein (Nimesh 
Corp., Mumbai, India), vitamins and minerals (Hi-Media 
Laboratories, Mumbai, India) were of high purity and food 
grade. Olive oil (Leonardo, Nicola Pantaleo Spa, Fasano, 
Italy) was obtained from a local super market.
Preparation of L for Feeding Trails
A portion (50 mL) of crude acetone extract of green leafy 
vegetables (GLVs) Trigonella foenum-graecum was evapo-
rated to dryness under N2 gas, the residues redissolved in 
a known volume (15 mL) of methanolic KOH (10 %), and 
the extract was saponified overnight under dark conditions 
at room temperature (25 ± 3 °C). L and Z were extracted 
with 50 mL of hexane three times or until sample turned 
colorless. Pooled hexane extracts were evaporated and 
redissolved in 5 mL of hexane and subjected to column 
purification on activated neutral alumina [11]. Further, 
column was washed with hexane until fractions turned 
colorless and samples were continuously monitored by 
spectrophotometric measurements. Followed by L/Z a rich 
fraction was eluted with methanol/dichloromethane (1:1, 
by vol) and its purity was confirmed by λmax, UV–Visible, 
and mass spectrum and compared with reference standards. 
The purified L was further quantified by HPLC (DAD) and 
used for feeding trails.
Animal Experiments
Animal experiments were performed after due clear-
ance from the institutional animal ethical committee. 
Two groups (n = 6/group) of male albino rats weighing 
250 ± 5 g were housed individually in steel cages at room 
temperature (28 ± 2 °C) with a 12 h light/dark cycles. Rats 
were acclimatized for 7 days on a fresh pellet diet and 
water (Amrut Feeds, Sangli, India), and an isocaloric diet 
that contained 10 % fat from olive oil was prepared accord-
ing to AIN-93 (AIN-93). During the 4-week feeding trial, 
rats were given ad libitum access to freshly prepared diet 
and had free access to tap water. The purified L was dis-
persed in olive oil and fed to the animals once in 2 days for 
15 doses (0.5 mL/rat). The amount of L fed was 0.445 mg/
day/kg body wt and was comparable to the human daily 
intake [12]. The daily food intake and weekly gain in body 
weight were monitored. At the termination of the experi-
ment, rats were anesthetized with diethyl ether and sacri-
ficed, and their blood, liver, intestine, and eyes collected. 
All the samples were processed immediately for L and its 
isomers/oxidation products/fragmented ions or stored at 
−80 °C until analysis.
Extraction of L Isomers/Oxidized Products/Fragmented 
Ions from Biological Samples
L and its isomers/oxidized products/fragmented ions were 
extracted from plasma, liver, eye, and intestine samples 
according to the previous procedure with slight modifica-
tions [13]. Briefly, to the plasma (0.8 mL), 3 mL of dichlo-
romethane/methanol (2:1, by vol) containing α-tocopherol 
(2 mM) was added and mixed using a vortex mixer. To the 
mixture, hexane (1.5 mL) was added, mixed well, centri-
fuged at 1,000×g for 5 min at 4 °C, and the resulting upper 
hexane/dichloromethane phase was collected. The extrac-
tion procedure was repeated three times with 1 mL of 
Fig. 1  Chemical structure of lutein and its major isomer
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dichloromethane and 1.5 mL of hexane. The extracts were 
pooled, evaporated to dryness using nitrogen gas, redis-
solved in 100 μL of mobile phase [acetonitrile/methanol/
dichloromethane (60:20:20, v/v/v)], and analyzed by HPLC 
and LC–MS (APCI)+. Similarly, liver, eye, and intes-
tine samples were homogenized (10 %) (Potter-Elvehjem 
Homogenizer, Remi Instruments Ltd., Mumbai, India) sep-
arately with ice-cold isotonic saline. The 10 % homogen-
ate (0.8 mL) was used for extraction of L and its isomers/
oxidative products/metabolites according to the procedure 
described in the plasma. In case of the liver sample, extract 
was saponified separately with 2 mL of 10 M methanolic 
KOH at 60 °C for 45 min in the dark. The reaction mixture 
was vortexed every 15 min during saponification with an 
addition of 2 mL of ice-cold deionized water before extrac-
tion mentioned elsewhere and analyzed.
HPLC Analysis of L and Its Oxidation Products
Concentration of purified L and Z levels in biological sam-
ples (plasma, liver, intestine and eye) was determined by 
HPLC (DAD, Shimadzu, Japan) [13]. HPLC system is con-
sisting of an LC-10AD pump with SPD-10A UV–Visible 
absorbance detector (Shimadzu, Kyoto, Japan) and per-
sonal computer equipped with Ezchrome chromatography 
data system software (Scientific Inc., Pleasanton, CA). L 
was quantified on column and further separation of isomers 
and oxidation products was achieved through C30 column 
(5 μm; 250 × 4.6 mm; Princeton, Cranbury, USA), sepa-
rately. Acetonitrile/methanol/dichloromethane (60:20:20, 
by vol) containing 0.1 % ammonium acetate was used as a 
mobile phase. An isocratic analysis was performed at a flow 
rate of 1 mL min−1 at 450 nm. The components were quan-
tified from their peak area using respective standard curves. 
The peak identities and λmax of carotenoids were confirmed 
by their retention time and characteristic spectra of stand-
ard chromatograms recorded under a similar condition.
Optimization of LC–MS Condition for L, Z and Its 
Oxidation Products
LC–MS was performed on a Waters 2996 modular HPLC 
system with autosampler, gradient pump, thermoregula-
tor, and diode array detector (DAD) coupled to a Q-TOF 
Ultima (UK) mass spectrometer. The atmospheric pressure 
chemical ionization (APCI)+ source were heated at 130 °C, 
and probe was kept at 500 °C. The corona voltage was 
optimized to 5 kV, HV lens to 0.5 kV, and cone voltage to 
30 V. Nitrogen was used as a sheath and the flow rate of 
drying gas was 100 and 300 L/h, respectively. Mass spectra 
of L/Z and its oxidative products were acquired with a m/z 
0–1,200 scan range, and the UV absorption was recorded at 
450 nm using a DAD. The MS identities of L and Z in sam-
ples were confirmed using respective reference standards. 
Due to unavailability of reference standards for L/Z oxida-
tive products and constraint in the animal sample size, the 
possible structure and configuration of L/Z oxidation prod-
ucts were predicted and characterized using Chemsketch 
8.0 software (ACD Labs, USA). The delay time from PDA 
to the mass spectrometer was observed to be 0.10 min. Data 
were processed with Mass Lynx 3.2 software. For LC–MS 
analysis of L/Z and its oxidative products, the mobile phase 
conditions were mentioned in HPLC analysis section with-
out 0.1 % ammonium acetate. All the isolation, extraction, 
and analysis of samples were done under dim light to pre-
vent photooxidation.
LC–MS Calibration
The software provides peak integration of the ion abun-
dance for each of the programmed mass ranges. Auto-
mated analysis was followed by manual confirmation of 
fragmentation patterns. TDC (time-to-digital converter) 
conditions were maintained at centroid thresh hold 1.0, 
resolution 4,000, and mass window ±1.0. TDC start at 700 
(m/V) and TDC stop at 200 (m/V) with threshold 0.00, 
Pirani Pressure 1.59e0 (mBar) and TOF penning pressure 
3.52e−7 (mbar), TDC features used 4 GHz, flight tube were 
recorded as Ltelf = 1,808.91 and Velf = 9,100. During the 
analysis of samples the following instrumental conditions 
were adopted: APCI polarity settings as corona set values 
9,601.63; cone voltage, 100–153 fluctuations; RF1 lens 
energy, 40.0; aperture, 10.0; RF2 lens energy, 2; source 
temperature between 130/125 and 300/300 °C; cone gas 
flow 28 (L/h), desolvation gas flow ranges between 300 and 
312 (L/h), collision energy, 10.09 eV; and ion energy 1.8e.
Validation of L and Z Analysis
A stock solution of 1 mg/mL of standard L was prepared 
in methanol. Further dilutions were made to attain the con-
centration ranging from 0.4 to 3.2 ng with the injection 
volume of 20 μL to obtain the calibration curve. Standard 
carotenoids stock and working solutions were analyzed 
immediately or stored at −80 °C. Each concentration was 
injected in triplicate (n = 3) to check the reproducibility. 
The method was validated by plotting the linearity, preci-
sion, and intermediate precision as the percent relative 
standard deviation (RSD %), limit of detection (LOD) with 
signal-to-noise ratio 3:1, and limit of quantification (LOQ) 
with a signal-to-noise ratio 10:1. Quantification of L and Z 
from working standard solutions with the mentioned con-
centrations was used to study the linear dynamic range (R2) 
and ensure the performance of the LC–MS analysis.
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Results
Determination and Calibration of L and Z Analysis 
by HPLC (DAD)
HPLC (DAD) analyses showed there is a significant dif-
ference between L and Z quantification under standard-
ized conditions. Further, analysis of standard carotenoids 
on column was 1 pmol equal to mean of 8,895 ± 657 and 
Z was 9,296 ± 720 HPLC area, respectively (Fig. 2). The 
limit of detection and limit of quantification of L was 
0.125 and 0.801 pmol and Z as 0.128 and 0.758 pmol, 
respectively, under standardized conditions. The L stand-
ard curve has shown least-squares linear regression 
analysis of the data, providing an excellent coefficient 
of determination value (r2 = 0.992) with slope ± Ss 
3.31e + 007, intercept ± Si −3.28e + 003, and % RSD 
was 2.1 for LOD. Similarly, Z has shown least-squares 
linear regression (r2 = 0.991) providing an excellent coef-
ficient of determination with slope ± Ss 3.29e + 005, 
intercept ± Si −3.23e + 004, and % RSD was 2.0 for 
LOD. The purity of fractionated lutein isolated from 
GLVs was confirmed by their characteristics UV–Visible 
spectra, retention time, and HPLC (DAD)–MS analysis 
before feeding trails [11].
MS (APCI)+ Optimization for the Detection of L 
Fragmented Ions
LC–MS was performed under calibrated conditions cou-
pled to a Q-TOF Ultima mass spectrometer. The condi-
tions adopted were found to be suitable for the detection 
of abundant L fragmented ions as shown in Table 1. The 
positive molecular ions were initially acquired full-scan 
mode with 0.2-step size and 2-ms dwell time and SIM was 
performed with a dwell time of 200 ms. In goal of L oxi-
dative products characterization, the conditions of analysis 
are optimized with APCI+ source was heated at 130 °C, 
and probe was kept at 500 °C. In addition, vaporizer tem-
perature, drying gas temperature, and corona current were 
Fig. 2  HPLC (DAD) profile with characteristic UV spectra (a), APCI+ mass spectra (b, c) for lutein and zeaxanthin
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all optimized about maximum signal intensity of molecu-
lar ions of L oxidative products in plasma and tissue tis-
sues of adult rats (Table 1). Characteristic mass spectral 
ion for L is 551.5 [M + H–H2O]+ and for Z-isomer m/z 
569.8 [M + H]+ % abundance of L fragmented ions was 
significant at collision energy 10.0 eV. TICs together 
with fine UV–Visible spectra and mass were used to dif-
ferentiate possible structural and geometrical isomers and 
their major oxidative products 523 [M++H+–3CH3], 479 
[M+ + H+–6CH3], 551 [M+ + H+–H2O], 276.43 [M+–
C22H19O] and L di-epoxides were identified in plasma and 
liver. Mass spectra of L and Z were acquired with a m/z 
0–1,200 scan range, and the delay time from PDA to the 
mass spectrometer was observed to be 0.10 min.
Characterization of Possible L Oxidation Products/
Fragmented Ions in Rat Plasma and Tissues
This study developed the efficient extraction and characteriza-
tion of L oxidation products/isomers in plasma and tissues of 
adult rats by HPLC–LCMS analysis (Fig. 3). The L level in 
plasma, liver, intestine, and eye samples, after dietary supple-
mentation, was 50.5 ± 3.0 nmol/L, 161.0 ± 4.0, 230 ± 5, and 
140.5 ± 9.3 pmol/g, respectively. The quantitative results are 
presented as L + Z equivalents, due to some of isomers’ unsat-
isfactory resolution in plasma and tissue samples. In plasma 
and liver samples oxidation products were identified and 
assigned as A, B, C, D, E, F, and G (Fig. 4). Among these, a 
metabolite eluted at 4.8 min was identified as lutein diepoxide 
Table 1  Lutein fragmented ions derived from adult rat plasma and tissues by APCI+ ion mode and their systemic name, molecular mass, and 
molecular formula
Samples: a Plasma, bliver, cintestine, deye
Compound  
(abundant  
fragmented ions)
Systemic name and molecular 
mass/molecular formula
Molecular 
formula
Molecular  
mass (m/z)
Relative 
ion (%)
Parent/fragmented ions
In vivo (rats)
Pa Lb Ic Ed
A Lutein/zeaxanthin C40H56O2 568.9 45 35 – 35 [M + H]+
B Anhydrolutein C40H56O 551.5 – – 55 – [A–H2O]
C (2E,4E,6E)-7-(4-Hydroxy- 
2,2,6-trimethyl-7- 
oxabicyclo[1,4]hept-1-yl)-5- 
methylhepta-2,4,6 trienal
C17H26O3 279 100 64 – – [M+–C22H35O]
D 2,6,6-Trimethylcyclohexa-2,4-di-
enylium
C9H13 121.2 100 100 100 – [B–C31H41O]
E (2E,4E)-3-Methyl-5-(2,6,6-tri-
methylcyclohexa-2,4-dien-1-yl)
penta-2,4-dien-1-ylium
C15H21 201.3 100 100 100 – [B–C25H35O]
F 5,6-Epoxy-3-hydroxy-12′-β,Ɛ-
carotene-12′-al
C25H34O3 383.5 92 57 – – [A–C25H34O3- oxidized]
G Lutein diepoxide C40H56O4 601.8 30 42 – – [A oxidized]
H 3,7-Dimethyl-9-(2,6,6-trimethyl-
cyclohexa-2,4-dien-1-yl)nona-
2,4,6,8-tetraen-1-ylium
C20H27 267.4 – – – 98 [A–2H2O/2]
I 4{18-[4-Hydroxy 2,6,6 
trimethyl cyclohex-
2-en1-yl]-3,7,12,16-tetra-
methyl-1,3,5,7,9,11,13,15,17-
octadecanonaenyl}
cyclohex-2-ene1-hydroxy3,5 
bisylium
C37H47O2 523.7 – – – 72 [A–3CH3]
J 4{18-[4-Hydroxy cyclohex-
2-ene 2,6 bis(ylium)-1-yl]- 
3,7,12,16-tetramethyl-
1,3,5,7,9,11,13,15,17-octa 
decanonaenyl}cyclohex2-ene1-
hydroxy3,5 bis ylium
C34H36O2 476.6 – – – 85 [A–6CH3]
K 3-Hydroxy-12′-β,ε-carotene-12′-
ylium
C25H35O 351.5 – – – 53 [A–C15H23O]
L 3′-Oxolutein C40H54O2 566.74 – – – 46 [A oxidized]
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(G), confirmed by UV–Visible spectrum and its characteristic 
Mass spectra (m/z peak). The chromatographic profile of L 
oxidative products is well separated with L as a major peak, 
along with diepoxide and zeaxanthin. The prominent anhydro-
lutein molecule was found only in the intestine; with a reten-
tion time of 15.3 min; other fragmented ions obtained were 
designated as B, D, and E (Fig. 5). The characteristic frag-
mented ions isolated from eye sample were referred as A, H, 
I, J, and K. The Z peak is more prominent ions (568.9) in L 
fed eye samples (Fig. 5). L isomers (3-oxolutein, 13-Z lutein, 
9-Z lutein, all-E lutein, all-E zeaxanthin, 3-Epilutein and 13-Z 
zeaxanthin) isolated from rat eye samples were analyzed by 
HPLC (DAD) and confirmed by their characteristics UV–Vis-
ible spectra (λmax) and elution pattern (Fig. 3) [6, 8]. 3′-Oxo-
lutein was prominent in the pooled rat eye samples (6 pairs) 
(Fig. 5), but it was detected in very low abundance in the pair 
of eye samples. The retention times for 3′-oxolutein, L, and Z 
were 6.3, 9.8, and 10.9 min on C-30 column.
Discussion
Carotenoids are extended system of conjugated double 
bonds and they are unstable in the presence of light, heat, 
and oxygen. Therefore, the determination of these carot-
enoids can be challenging and needs sensitive and selective 
analytical methods [8]. Food and biological samples often 
contain other compounds that can interfere with carote-
noid or mixture of carotenoids with similar structures [14]. 
In comparison with the standard, an attempt was made to 
study the possible biotransformation of purified L in adult 
rats. The available reports have demonstrated that L/Z may 
play an active role in reducing age-related macular degen-
eration and certain types of cancer [1–5]. Evidence on the 
beneficial effects of carotenoids oxidative products has not 
been illustrated due to limitations of analytical details. The 
present study reveals optimization of analytical conditions 
for the isolation, separation, and characterization of possi-
ble L/Z oxidation products in adult rat plasma and tissues 
generated by possible reaction mechanisms as shown in 
Fig. 6.
Previously, Khachik et al. [7] described the formation 
of carotenoids oxidative products/metabolites in human 
milk and serum by HPLC–MS and LC coupled with NMR 
spectroscopy. Similarly, HPLC and on-line HPLC–MS and 
–NMR analysis of L and Z isomers in human ocular tis-
sues samples has been well documented [15, 16]. Although 
these findings are important for analysis of carotenoids 
oxidative products/metabolites,  they do not elaborate on 
the MS conditions and their optimization. Later, Bhosale 
et al. [9, 17] have analyzed and identified 3′-oxolutein and 
3-methoxyzeaxanthin in human ocular tissues by LC/MS 
(APCI)+ with following optimized conditions: corona dis-
charge current 5 µA, cone voltage 80 V, and probe tem-
perature 500 °C. Likewise, Ferreria et al. [18] have con-
ditioned the LC/MS (APCI)+ for the characterization and 
elucidation of enzymatic and oxidative cleavage products 
of lycopene under the conditions of APCI corona dis-
charge at 2,200 V, vaporizer temperature 300 °C, nebulizer 
pressure of 50 psi of N2 and set with 350 °C drying gas 
temperature optimized at a flow rate of 4.0 L/min. Further, 
lycopene fragmented ions were detected in the mass scan 
range between 200 to 700 Da in 0.1 Da with an accumula-
tion time at 50 ms. The mass spectra of geometrical iso-
mers found in tissues of rats were identical and differed 
only in their chromatographic elution pattern and spec-
tral behavior (shifting of λmax) [19]. In the present study 
APCI+ source temperature was monitored at 130 °C and 
probe temperature at 500 °C. In addition, corona volt-
age was optimized to 5 kV, HV lens to 0.5 kV, and cone 
voltage monitored with lower 30 V for the identification 
of L oxidative products in rat plasma and tissues (Figs. 2, 
3, 4, 5). Standardization of APCI+ probe temperature and 
related parameters adopted was shown to be very crucial 
for better ionization of the L and its fragmented ions. 
Under the adopted analytical conditions, L shows a base 
peak at m/z 551.5 despite its equal molecular weight with 
Fig. 3  HPLC profiles of lutein and its oxidized products/isomers iso-
lated from the rat tissues. *Refer Table 1 for the possible fragmented 
ions of C and F
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zeaxanthin, due to a shift in the double bond. L possesses 
allylic hydroxyl group which allows loss of H2O molecule 
after protonation under the conditions, which is similar 
to the earlier report [15]. Under the standardized condi-
tions, we have identified the prominent ions of L-epoxides 
in plasma and hepatic tissue after oral supplementation 
of L, in contrast to the previous report which stated that 
xanthophylls epoxides are not detectable in plasma after 
oral administration of carotenoids in human subjects [20]. 
The pattern of L oxidative metabolites formed in the liver 
was similar to plasma; reflection of results in plasma indi-
cated that diepoxides may be formed in the liver itself and 
mobilized to the blood (Fig. 6). The chromatographic pro-
file of L oxidative products is well separated with L as a 
major peak, along with diepoxide and zeaxanthin. Only 
few reports are available on identification and quantifica-
tion of epoxy-carotenoid in biological samples [21, 22]. 
Recently, Yonekura et al. [10] identified keto-carotenoid 
є,є-carotene-3,3′-dione as a major metabolite of dietary L 
in mice. However, in Z (3R and 3′R) non-allelic nature of 
the hydroxyl group at C3 and C3′ may undergo isomeri-
zation to yield epilutein before oxidation. The only evi-
dence available in support of this metabolic transformation 
is the mere presence of 3-hydroxy-lutein, epi-lutein, and 
meso-zeaxanthin in the eye samples. Further, Prasain et al. 
[8] identified two oxime derivatives of 3-hydroxy-ionone 
and 3-hydroxy-14-apocarotenal with protonated mole-
cules at m/z 252 and m/z 370, respectively, in the human 
Fig. 4  APCI+–MS profiles of lutein and its oxidized/metabolized 
products isolated from rat plasma and liver. Total ionic chromato-
graphic signal at 450 nm recorded online at a retention time of 11.80 
and 14.54 min for plasma and liver, respectively. Refer Table 1 for the 
possible fragmented ions of A/B, C−G. ‡Refer structures mentioned 
in Fig. 1. *Refer the structures mentioned in plasma sample
P. R. Sowmya et al.
1 3
eye sample using LC/MS/MS. They also demonstrated 
the formation of Z and its oxidative products by electro-
spray ionization interface in the positive mode monitored 
at 4900 V; the orifice potentials were 60 V (Z) and 40 V 
for its oxidative derivatives. These results indicate that a 
fragmentation pattern of carotenoids is varied depending 
Fig. 5  APCI+–MS profiles of lutein and its oxidized/metabolized 
products isolated from rat intestine, eyes (one pair), and pooled rat 
eyes (five pairs). Total ionic chromatographic signal at 450 nm 
recorded online at a retention time of 20.26, and 12.01 min for intes-
tine and eyes, respectively. Refer Table 1 for the possible fragmented 
ions of A/B, D, H−L. *Refer the structures mentioned in plasma 
sample in Fig. 4. ‡Refer structures mentioned in Fig. 1
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on the conditions adopted and its optimization. In con-
tinuation, we also revealed the importance of APCI con-
ditions’ optimization for determination of fragmented ions 
of L oxidative products and % abundance of their respec-
tive ions. In addition, protonated molecules [M + H]+ of 
carotenoids upon collision-induced dissociation produced 
a number of characteristic L fragmented ions at collision 
energy 10 eV. The identification of oxidized carotenoids 
in biological samples remains a major task due to their 
less concentration and lower stability. These studies have 
clearly indicated that the oxidation products of L identi-
fied in the biological samples are not due to artifacts and 
storage, etc. The NMR studies of compounds could not be 
carried out due to the stability and quantitative limitations 
[15, 23].
Conclusion
Validation of carotenoids analysis could be improved by 
substantial modifications of LC–MS conditions. The devel-
opment of calibrated conditions of liquid chromatography 
coupled with APCI+–MS analysis allows the separation 
and identification of 12 possible L oxidative products. In 
addition, we have achieved the limit of detection at below 
picomolar range with excellent reproducibility. This is the 
first report to detect L oxidative products in plasma and tis-
sues of adult rats under the described LC–MS conditions. 
The detailed characterization of L oxidative products by 
MS/MS and influence of these compounds on the biologi-
cal significance with respect to chronic and eye-related 
degenerative disorders deserve further studies.
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